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It has been recently pointed out that a momentum-dependent coupling of the asymmetric Dark
Matter (ADM) with nucleons can explain the broad disagreement between helioseismological observ-
ables and the predictions of standard solar models. In this paper, we propose a minimal simplified
ADM model consisting of a scalar and a pseudoscalar mediator, in addition to a Dirac fermionic
DM, for generating such momentum-dependent interactions. Remarkably, the pseudoscalar with
mass around 750 GeV can simultaneously explain the solar anomaly and the recent diphoton excess
observed by both ATLAS and CMS experiments in the early
√
s = 13 TeV LHC data. In this frame-
work, the total width of the resonance is naturally large, as suggested by the ATLAS experiment,
since the resonance mostly decays to the ADM pair. The model predicts the existence of a new light
scalar in the GeV range, interacting with quarks, and observable dijet, monojet and tt¯ signatures
for the 750 GeV resonance at the LHC.
PACS numbers: 95.35.+d, 12.90.+b, 13.85.Qk
I. INTRODUCTION
Based on the early
√
s = 13 TeV LHC data, both
ATLAS and CMS experiments have reported an excess
in the diphoton invariant mass distribution around 750
GeV [1–4]. Although the significance of this excess is
only around 3σ and more statistics is required to draw a
firm conclusion, it has already triggered an avalanche of
theoretical speculations in terms of a new resonance X;
see e.g. [5–36]. There are some key points to bear in mind:
(i) Since a spin-1 object cannot decay to two photons due
to the Landau-Yang theorem, the simplest interpretation
of this new resonance is in terms of a spin-0 object with
750 GeV mass.1 (ii) The best-fit cross-section values for
σ(pp→ X → γγ) ∼ O(10 fb) [1, 2] suggest that the new
resonance should have a rather large effective coupling
to the Standard Model (SM) quarks/gluons. In order to
reconcile the diphoton signal with the non-observation of
any corresponding signal in the hadronic final states, new
physics must be involved in the decay process, in addition
to the 750 GeV resonance, while the production can still
be due to quark-antiquark annihilation at the tree-level,
unless it is Yukawa-suppressed. (iii) In addition, ATLAS
has reported a rather large decay width of ΓX ∼ 45 GeV
for the resonance [1] which, if confirmed, means that X
must have a sizable partial decay width to experimentally
challenging/invisible final states, since the partial decay
width to γγ is loop-suppressed and can hardly make up
for the observed width.
It is interesting to note that if X couples sizably and
decays dominantly to cosmologically stable Dark Mat-
1 See also [37, 38] for earlier investigations.
ter (DM) particles χ, it can easily have a large decay
width [6, 7]. The existence of a particle DM is strongly
motivated by several astrophysical and cosmological ob-
servations; see e.g. [39] for a review. Although its ba-
sic properties such as mass, spin and couplings are still
unknown, there are several well-motivated reasons to be-
lieve that the DM is sufficiently light so that the tree-level
decay of the new resonance X to a pair of DM particles
is kinematically allowed, while satisfying all current ex-
perimental constraints. In particular, the fact that the
observed DM and baryon abundances in our Universe
are quite similar, i.e. ρχ/ρB ≈ 5 [40], suggests that these
two seemingly disparate quantities might be related in
some way. This is naturally realized in asymmetric DM
(ADM) scenarios (for reviews, see e.g. [41–43]), where the
asymmetry in the number density of DM over anti-DM
is similar to the baryonic sector, thus pointing towards a
light DM with mχ ∼ 5mp ' 5 GeV, where mp is the pro-
ton mass. Furthermore, it was recently shown [44, 45]
that if the ADM has a momentum-dependent coupling
to nucleons, it can resolve the broad disagreements in
solar physics between helioseismological observables and
predictions of standard solar models.2
In this paper, we present a minimal simplified model
2 A reassessment of the solar abundance problem in light of a newly
determined lower limit on the solar metallicity [46] claims that
the ADM solution is no longer plausible. However, this is by no
means a full-proof claim and a number of arguments against it
have been presented recently in [47]. Given that the main focus
of our work is on a simplified model which connects the ADM
physics to the LHC diphoton excess, we do not intend to enter
into the ongoing debate of solar abundance, rather simply use
the ADM solution of [44, 45] as our benchmark choice.
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2for a momentum-dependent ADM, where we introduce
just two additional degrees of freedom, viz. a real scalar
field and a real pseudoscalar field, which have a small
mixing with each other. We argue that, while the mostly
scalar mass eigenstate must be at the GeV scale to ex-
plain the above-mentioned anomalies in solar physics, the
pseudoscalar is required to have a large coupling to the
DM, so that it can easily be the 750 GeV resonance ob-
served at the LHC. We further note that the coupling
of the pseudoscalar to SM quarks must be very small to
avoid constraints from nuclear Electric Dipole Moment
(EDM); therefore, the dominant production of the pseu-
doscalar field at the LHC proceeds through its mixing
with the scalar field. As discussed above, the decay pro-
cess into two photons must involve additional new physics
to enhance the diphoton branching ratio, as compared to
the heavy-quark ones. So far, popular choices include the
introduction of exotic vector-like fermions or the presence
of a new strongly-interacting sector [5–36].
II. THE MODEL
The minimal simplified model to generate a
momentum-dependent DM cross section, via the
effective operator i χγ5χ qq, consists of a real scalar and
a real pseudoscalar mediator, denoted respectively by
φ and φP , which mix with each other. The mass and
interaction Lagrangian of the simplified model is
−L ⊃ m
2
φ
2
φ2 +
m2P
2
φ2P + µ
2 φPφ + mχχχ
+ gφ φ qq + i gP φP qγ5q + i h φP χγ5χ , (1)
where, for simplicity, we have taken the Yukawa couplings
to the SM quarks as flavour-blind.3 In a full SU(2)-
invariant model, these couplings may originate from ef-
fective operators of the form 1Λ Q¯L Φ qR φ, when the (pos-
sibly beyond the SM) scalar doublet Φ gets a vacuum
expectation value below the cut-off scale Λ. In this case,
sizable couplings of φ to light quarks can be generated
by its mixing with the heavy scalar doublet Φ, having
Yukawa-type couplings with the quark sector. The vac-
uum expectation value of the latter must be small, in
order to comply with electroweak precision data, but a
sizable mixing between φ and Φ can be realized anyway,
at the price of some fine-tuning of the parameters of this
extra scalar sector.
In the spirit of a simplified-model approach followed
here, in (1) we have included only the couplings relevant
for the following discussion. In particular, we assume
that any mixed quartic couplings between the SM Higgs
3 This simplifying assumption is however not crucial for our anal-
ysis. All we need are sizable couplings to at least one first and
one second-generation quark, for the solar-physics argument and
the diphoton explanation, respectively.
and the new spin-0 particles, which are a priori allowed
by the symmetries of the model Lagrangian, are suffi-
ciently small so that they do not affect significantly the
SM Higgs phenomenology. Also, for the purposes of this
work, we have not included a scalar coupling to DM,
because this would generate a momentum-independent
cross section. However, a small coupling of this kind
could be potentially included in a more general analysis,
by making sure that the momentum-independent part is
sub-dominant.
The scalar and pseudoscalar fields mix into the mass
eigenstates φS and φA, mostly scalar and pseudoscalar,
respectively. The mixing angle α, in the limit mS  mA
of interest in the following, is approximately given by
tanα ' µ
2
m2A
. (2)
The couplings of the mass eigenstates to quarks and DM
are easily found as
−L ⊃ gφ cα φS qq + gφ sα φA qq − i gP sα φS qγ5q
+ i gP cα φA qγ5q − i h sα φS χγ5χ + i h cα φA χγ5χ ,
(3)
where we have introduced the abbreviations sα ≡ sinα
and cα ≡ cosα.
III. ADM FROM SOLAR PHYSICS
The basic idea is that collisions between ADM and
nuclei can lead to capture and accumulation of DM in
large quantities in the solar core, if the collisions result in
sufficient energy transfer to bring down the DM velocity
below the local escape velocity [44–52]. Optimal energy
transfer, and hence, optimal capture rate, occurs for DM
masses close to that of the solar composition, which is
mostly hydrogen and helium. It is interesting that this is
roughly the same mass range expected in generic ADM
models to explain the 5:1 relic DM-to-baryon density [41–
43]. Momentum-dependent DM-nucleon scattering in the
Sun leads to an additional efficient mechanism, alongside
photons, for heat transport from the solar core to the
outer regions, thereby affecting various helioseismological
observables.
In Refs. [44, 45], a formally 6σ preference for
momentum-dependent ADM was presented, which re-
solved the long-standing anomalies of the standard solar
models in describing the observed sound-speed profile,
convective zone depth, surface helium abundance and
small frequency separations in the Sun. In particular,
they found the best-fit values of the DM mass and inter-
action cross section with nucleons respectively as
mχ = 3 GeV , σDD = (|~q|/40 MeV)2 10−37cm2 , (4)
where ~q is the 3-momentum exchanged in the “direct-
detection” process χN → χN , i.e. the non-relativistic
3scattering of the DM with the nucleon N . Although this
best-fit point (4) has been ruled out very recently using
the latest CRESST-II data [53], there still remains a size-
able part of the momentum-dependent ADM parameter
space [45] which provides significant improvement with
respect to standard solar models. For concreteness, we
choose a benchmark value of mχ = 2 GeV,
4 while keeping
σDD = (|~q|/40 MeV)2 10−37cm2, as in Eq. (4), which is
well within the preferred ADM parameter space [45], as
well as consistent with the CRESST-II limits [53]. Ac-
cording to our estimate, this benchmark point is also
consistent with the latest CDMSlite results [57], after
extrapolating their limit on the momentum-independent
cross section to the momentum-dependent cross section
considered here, by a simple rescaling of the typical 3-
momentum exchanged.
At the quark level, σDD in our model is given by the
process χq → χq, with t−channel exchange of the medi-
ators φS , φA. In particular, for q
2  m2S,A, the following
local term is generated in the quark-level effective La-
grangian:
sin 2α
2
h gφ
(
1
m2S
− 1
m2A
)
i χγ5χ qq ≡ J i χγ5χ qq . (5)
We perform the matching to the nucleon effective La-
grangian in the standard way. The effective coupling to
the proton is found to be 0.47 J i χγ5χNN , and for the
non-relativistic differential cross section we obtain
dσ
d cos θ
=
1
8pi
m2N
(mχ +mN )2
(0.47 J |~q|) 2 . (6)
For the benchmark values chosen above, we thus obtain
the constraining relation for the model parameters:
sin 2α
2
h gφ
∣∣∣∣GeV2m2S − GeV
2
m2A
∣∣∣∣ ' 9.6× 10−3 . (7)
This equation provides the constraint on the model pa-
rameters needed to account for the benchmark value
above. Thus, in order to reproduce the results of [45],
we need relatively large mixing and couplings of O(10−3-
10−2), and at least one of the two mediators in the GeV
range. In the following, we will use (7) to fix the value of
the scalar coupling to the quarks gφ in terms of the other
model parameters.
IV. EDM CONSTRAINTS
The mixing of the scalar and pseudoscalar bosons in-
duces an EDM for the quarks, by means of the 1-loop
4 A 2-3 GeV DM is prone to evaporation from the solar inte-
rior [54–56]. The evaporation rate depends on the interaction
cross-section, mean free path and thermal regime. In the anal-
ysis of [45], it is argued that this is small for nuclear scattering
cross-sections allowed by direct detection. A full kinematic anal-
ysis would be necessary to assess this issue more quantitatively,
but this is beyond the scope of this work.
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FIG. 1. 1-loop diagram contributing to the neutron EDM.
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FIG. 2. Annihilation processes relevant for the depletion of
the thermal symmetric component of the DM.
diagram in Figure 1. For the EDM of the down quark,
we find
dd ' 8.3 × 10−19 e cm ×
(
4.55 + ln
m˜
GeV
)
× sin 2α
2
gP gφ
(
GeV2
m2S
− GeV
2
m2A
)
, (8)
where m˜ is the mass scale of the lightest mediator. The
EDM of the neutron can be related to the one of the
quarks as given, e.g., in Ref. [58]. Here, for a rough
estimate, we approximate it as dn ≈ 0.5 dd. By requiring
|dn| < 3×10−26 e cm at 90% CL [59], and combining with
(7), we obtain the EDM bound
gP
gφ
. 10−6 . (9)
Thus, the pseudoscalar coupling to quarks gP will play
no role in what follows, and we may set it to zero to sim-
plify the model phenomenology. Also, we assume neg-
ligible couplings to the SM leptons, in order to avoid a
plethora of low-energy constraints in the lepton sector,
most notably from the electron EDM [60].
V. CMB CONSTRAINTS
For ADM it is not possible to impose directly the suc-
cessful prediction of the observed relic density, unless one
considers an explicit mechanism for the generation of the
DM asymmetry [41–43]. This is because the relic density
is typically proportional to the primordial asymmetry, as-
suming that annihilation processes dominantly conserve
the DM minus anti-DM number. However, the successful
annihilation of the symmetric thermal component allows
one to put a lower bound on the relevant annihilation
cross sections [61]. As shown in Figure 2, for the model
4under consideration, the dominant annihilation processes
are given by the s−channel annihilation into quarks and
t− and u−channel annihilations into a pair of mediators,
the latter if kinematically allowed. We will denote their
cross sections by σqq and σφφ, respectively.
A too large symmetric component of DM at the epoch
of recombination would cause a sizable effect on the
CMB, coming from DM-anti-DM annihilation. Assum-
ing an ionization efficiency factor f = 1, in Ref. [61] this
“indirect detection” bound is found to be
〈σv〉CMB < (1.2 × 10−27 cm3 s−1) mχ
GeV
1
r∞
, (10)
where 〈σv〉CMB is the cross section times relative velocity,
thermally averaged at the epoch of recombination, and
r∞ is the ratio of anti-DM to DM energy density.
On the other hand, in order to fit the observed DM relic
density, the annihilation cross section at the freezeout
epoch needs to be, approximately [62]
〈σv〉f ' (5 × 10−26 cm3s−1) ln 1
r∞
. (11)
The annihilation into quarks is an s-wave process, and
thus 〈σqqv〉f ' 〈σqqv〉CMB. Instead, the annihilation into
the scalar mediators is p-wave suppressed, being propor-
tional to v2, and hence, 〈σφφv〉CMB ≈ 10−15〈σφφv〉f , hav-
ing taken v ≈ 0.3 and vCMB ≈ 10−8. Therefore, elimi-
nating the anti-DM-to-DM ratio r∞ from (10) and (11),
and imposing mχ = 2 GeV for our benchmark value, we
find the CMB bound
〈σqqv〉f < (2.4× 10−27 cm3s−1) exp
[ 〈σqqv〉f + 〈σφφv〉f
5 × 10−26 cm3s−1
]
,
(12)
which will be used in the next section. Notice that the
bound occurs far from the s-channel resonance for σqq.
At the resonance the bound is more easily satisfied, since
〈σqqv〉f appears in the exponent on the right-hand side
of (12).
VI. DIPHOTON EXCESS
In order to fit the diphoton excess, we fix mA = 750
GeV and ΓA ' 45 GeV, as suggested by the ATLAS
result [1]. The best-fit signal cross sections are given by
σ(pp→ X → γγ) =
{
(10± 3) fb (ATLAS)
(6± 3) fb (CMS) , (13)
Thus, for our numerical purpose, we take the conserva-
tive range of (8± 5) fb. The dominant production chan-
nels in our case are the quark-antiquark annihilations to
the pseudoscalar φA, induced by the scalar-pseudoscalar
mixing angle α. At
√
s = 13 TeV, we obtain the leading-
order cross section σ(pp → φA) = (433 pb) g2φs2α, ob-
tained using MadGraph5 [63] with NNPDF2.3 parton dis-
tribution functions [64]. Note that the gluon-gluon fusion
or any other loop-induced new physics contribution will
be sub-dominant, as compared to the tree-level qq¯ annihi-
lation, unless we introduce a large number of new colored
objects to run in the loop.
As for the decay process φA → γγ, some new physics
must be present, in addition to the simplified model con-
sidered here, to enhance its partial decay width Γγγ to
the level that σ(pp→ φA)×BRγγ is within the observed
range. Popular choices, considered so far, include vector-
like fermions and/or strong dynamics [5–36]. Here, we do
not wish to reiterate these interpretations, and instead
proceed in a model-independent way, by presenting our
results in terms of the value of Γγγ . The other relevant
decay channels are φA → qq¯ (with q = u, d, c, s, b, t) and
φA → χχ¯, with the following tree-level decay rates:
Γqq¯ =
Nc g
2
φ s
2
α
8pi
mA
(
1− 4m
2
q
m2A
)3/2
, (14)
Γχχ¯ =
h2 c2α
8pi
mA
(
1− 4m
2
χ
m2A
)3/2
. (15)
We have ignored sub-dominant decay modes such as
φA → γZ, ZZ, gg.5 Thus, the total decay width is sim-
ply given by
ΓA ' Γγγ + Γqq¯ + Γχχ¯ ' 45 GeV . (16)
We fit the signal cross section for different values of Γγγ .
The 95% CL upper limits from
√
s = 8 TeV LHC data
on dijet [65, 66] and tt¯ [67] signal cross sections of 2.5 pb
and 450 fb put upper limits on gφsα . 0.20 and . 0.22,
respectively. These are obtained from the leading-order
cross section σ(pp → φA) = (159 pb) g2φs2α at
√
s = 8
TeV and using the branching ratios as given by (14).
The 95% CL upper limit on the γγ cross section of 1.5
fb from the
√
s = 8 TeV LHC searches [68, 69] implies
an upper limit of gφsα . 0.02/
√
Γγγ/GeV for a flavour-
blind coupling. Even though this bound seems to be very
stringent, there is still some allowed region of parameter
space to explain the observed diphoton signal at
√
s = 13
TeV. Here, we stress that the compatibility between the
diphoton results from the
√
s = 8 and 13 TeV data can be
enhanced depending on the detailed flavour structure of
the coupling gφ, and in particular, for a larger coupling
to c, s, b-quarks, for which the production cross section
ratio at
√
s = 13 and 8 TeV LHC is larger [13, 19].
For a large banching ratio of the resonance decay to
DM, as required here to explain the large total width,
the constraints from DM searches at the LHC via mono-
jets [70, 71] turn out to be significant too [27, 36]. For
instance, using the most stringent 95% CL upper limit
5 Although Γgg > Γγγ , the contribution of the former to the exper-
imental signals is sub-leading, since the dijet rate is dominated
by the tree-level decay into quarks.
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FIG. 3. The parameter space of our ADM model, constrained
from perturbativity and CMB arguments, in addition to the
non-observation of monojet, dijet and diphoton signals at the√
s = 8 TeV LHC. We exhibit the allowed parameter space
giving the observed diphoton signal (green shaded regions),
for two benchmark values of Γγγ = 0.25 and 1 GeV.
on the monojet cross section of 3.4 fb [71], we obtain
gφsα . 0.04/
√
BR(φA → χχ¯).6
In order to translate the implications of the diphoton
excess in this model to the parameter space relevant for
ADM, we fix the φAχχ¯ coupling from the total decay-
width formula (16), obtaining h ' 1.2, which is well
within the perturbative limit. Plugging this into (7), we
show the allowed parameter space in the scalar mixing–
mass plane satisfying all experimental constraints in Fig-
ure 3. Here, the perturbativity condition gφ < 5 ex-
cludes the red shaded region. The blue and gray shaded
regions are excluded from CMB and dijet constraints, re-
spectively, as discussed above. The gray-meshed region
represents the monojet exclusion region from the
√
s = 8
TeV data, assuming BR(φA → χχ¯) close to unity and a
conservative estimate of the signal acceptance times ef-
ficiency of 80%. For the presentation of our results, we
have chosen the benchmark values Γγγ = 0.25 and 1 GeV,
for which the diphoton favoured regions are shown by the
upper and lower green shaded regions, respectively, after
6 The corresponding limits on the spin-independent DM-nucleon
cross section derived in [71] cannot be applied directly to our
case, since they did not consider the momentum-dependent op-
erator. Also, one might wonder whether the pp → φS → χχ¯
process could lead to more stringent monojet constraints. How-
ever, for the selection cuts used in the monojet searches [70, 71],
the possibility of a resonant contribution from an on-shell φS
can be readily ruled out, and the ensuing limits from an off-shell
φS will be much weaker compared to those derived using the
resonant φA production mentioned above.
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FIG. 4. The parameter space of our ADM model, constrained
from perturbativity and CMB observations, without identify-
ing the pseudoscalar with the 750 GeV resonance. We have
chosen the remaining parameters as h = 0.1, α = 0.05, for
illustration. The black dashed and solid lines denote the anti-
DM-to-DM energy density ratio r∞ of 10% and 1%, respec-
tively.
having imposed the 8 TeV diphoton constraint discussed
above.
Here, we would like to mention that if the large width
requirement ΓA ' 45 GeV is lifted, the monojet con-
straint become less stringent. In this case, we find an
absolute lower bound Γγγ > 0.5 MeV, coming from the
dijet and CMB constraints.
Before concluding, we should also remark that in case
the diphoton signal goes away with more statistics, the
mostly pseudoscalar state in our model does not nec-
essarily have to be this heavy. Just as an illustration,
we show in Figure 4 the allowed parameter space when
both the scalar and pseudoscalar mediators are light for
a typical choice of the coupling h = 0.1 and the scalar-
pseudoscalar mixing α = 0.05. As expected, the CMB
constraints are more stringent in this case, but there is
still a large parameter space that is allowed.
VII. CONCLUSION
We have presented a minimal simplified model of ADM
with momentum-dependent interaction with nucleons,
which resolves some pronounced discrepancies in solar
physics. At the same time, we can also interpret the
recent diphoton excess at the LHC as due to the res-
onant production of one of the scalar mass eigenstates
in this model, which dominantly decays into the asym-
metric DM pair to give a broad resonance. As discussed
extensively in the literature, the decay process into a pair
6of photons must involve additional new physics, on top
of this simplified model. In this respect, we have chosen
to proceed in a model-independent way, by parametriz-
ing our results in terms of the diphoton partial decay
width and have shown in Figure 3 the preferred parame-
ter space, satisfying the relevant experimental constraints
from monojet and dijet searches at the LHC, as well as
the CMB and perturbativity constraints.
The model predicts the existence of a new scalar in
the GeV range, interacting with quarks. The existence
of such light scalars is still allowed by low-energy and
fixed-target experiments, and could be potentially tested
at the proposed SHiP experiment [72] or in future B-
factories [73]. Moreover, if the 750 GeV resonance per-
sists in the future analyses with more statistics, the
model predictions for observable monojet, tt¯ and dijet
signals can be used to test this ADM hypothesis at the
LHC. This will be complementary to the future direct
detection prospects of a momentum-dependent DM in-
teraction with nuclei.
VIII. ACKNOWLEDGEMENTS
We thank Michel Tytgat, Jean-Marie Fre`re and Aaron
Vincent for useful discussions. This work of P.S.B.D. was
supported in part by a TUM University Foundation Fel-
lowship, as well as by the DFG with grant RO 2516/5-1.
The work of D.T. is funded by the Belgian Federal Sci-
ence Policy through the Interuniversity Attraction Pole
P7/37.
[1] The ATLAS collaboration, ATLAS-CONF-2015-081.
[2] The CMS Collaboration, CMS-PAS-EXO-15-004.
[3] The ATLAS collaboration, ATLAS-CONF-2016-018.
[4] CMS Collaboration [CMS Collaboration], CMS-PAS-
EXO-16-018.
[5] K. Harigaya and Y. Nomura, arXiv:1512.04850 [hep-ph].
[6] Y. Mambrini, G. Arcadi and A. Djouadi,
arXiv:1512.04913 [hep-ph].
[7] M. Backovic, A. Mariotti and D. Redigolo,
arXiv:1512.04917 [hep-ph].
[8] A. Angelescu, A. Djouadi and G. Moreau,
arXiv:1512.04921 [hep-ph].
[9] Y. Nakai, R. Sato and K. Tobioka, arXiv:1512.04924
[hep-ph].
[10] S. Knapen, T. Melia, M. Papucci and K. Zurek,
arXiv:1512.04928 [hep-ph].
[11] D. Buttazzo, A. Greljo and D. Marzocca,
arXiv:1512.04929 [hep-ph].
[12] A. Pilaftsis, arXiv:1512.04931 [hep-ph].
[13] R. Franceschini et al., arXiv:1512.04933 [hep-ph].
[14] S. Di Chiara, L. Marzola and M. Raidal,
arXiv:1512.04939 [hep-ph].
[15] S. D. McDermott, P. Meade and H. Ramani,
arXiv:1512.05326 [hep-ph].
[16] J. Ellis, S. A. R. Ellis, J. Quevillon, V. Sanz and T. You,
arXiv:1512.05327 [hep-ph].
[17] M. Low, A. Tesi and L. T. Wang, arXiv:1512.05328 [hep-
ph].
[18] B. Bellazzini, R. Franceschini, F. Sala and J. Serra,
arXiv:1512.05330 [hep-ph].
[19] R. S. Gupta, S. Ja¨ger, Y. Kats, G. Perez and E. Stamou,
arXiv:1512.05332 [hep-ph].
[20] C. Petersson and R. Torre, arXiv:1512.05333 [hep-ph].
[21] E. Molinaro, F. Sannino and N. Vignaroli,
arXiv:1512.05334 [hep-ph].
[22] B. Dutta, Y. Gao, T. Ghosh, I. Gogoladze and T. Li,
arXiv:1512.05439 [hep-ph].
[23] D. Becirevic, E. Bertuzzo, O. Sumensari and R. Z. Fun-
chal, arXiv:1512.05623 [hep-ph].
[24] S. Fichet, G. von Gersdorff and C. Royon,
arXiv:1512.05751 [hep-ph].
[25] J. Chakrabortty, A. Choudhury, P. Ghosh, S. Mondal
and T. Srivastava, arXiv:1512.05767 [hep-ph].
[26] A. Ahmed, B. M. Dillon, B. Grzadkowski, J. F. Gunion
and Y. Jiang, arXiv:1512.05771 [hep-ph].
[27] A. Falkowski, O. Slone and T. Volansky,
arXiv:1512.05777 [hep-ph].
[28] W. Chao, arXiv:1512.06297 [hep-ph].
[29] C. Han, H. M. Lee, M. Park and V. Sanz,
arXiv:1512.06376 [hep-ph].
[30] D. Bardhan, D. Bhatia, A. Chakraborty, U. Maitra,
S. Raychaudhuri and T. Samui, arXiv:1512.06674 [hep-
ph].
[31] J. Cao, C. Han, L. Shang, W. Su, J. M. Yang and
Y. Zhang, arXiv:1512.06728 [hep-ph].
[32] F. P. Huang, C. S. Li, Z. L. Liu and Y. Wang,
arXiv:1512.06732 [hep-ph].
[33] J. J. Heckman, arXiv:1512.06773 [hep-ph].
[34] L. Berthier, J. M. Cline, W. Shepherd and M. Trott,
arXiv:1512.06799 [hep-ph].
[35] W. S. Cho, D. Kim, K. Kong, S. H. Lim, K. T. Matchev,
J. C. Park and M. Park, arXiv:1512.06824 [hep-ph].
[36] D. Barducci, A. Goudelis, S. Kulkarni and D. Sengupta,
arXiv:1512.06842 [hep-ph].
[37] X. Chu, T. Hambye, T. Scarna and M. H. G. Tytgat,
Phys. Rev. D 86 (2012) 083521 [arXiv:1206.2279 [hep-
ph]].
[38] J. Jaeckel, M. Jankowiak and M. Spannowsky, Phys.
Dark Univ. 2 (2013) 111 [arXiv:1212.3620 [hep-ph]].
[39] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279
(2005) [hep-ph/0404175].
[40] P. A. R. Ade et al. [Planck Collaboration],
arXiv:1502.01589 [astro-ph.CO].
[41] H. Davoudiasl and R. N. Mohapatra, New J. Phys. 14
(2012) 095011 [arXiv:1203.1247 [hep-ph]].
[42] K. Petraki and R. R. Volkas, Int. J. Mod. Phys. A 28
(2013) 1330028 [arXiv:1305.4939 [hep-ph]].
[43] K. M. Zurek, Phys. Rept. 537, 91 (2014)
[arXiv:1308.0338 [hep-ph]].
[44] A. C. Vincent, P. Scott and A. Serenelli, Phys. Rev. Lett.
114 (2015) 8, 081302 [arXiv:1411.6626 [hep-ph]].
[45] A. C. Vincent, A. Serenelli and P. Scott, JCAP 1508,
no. 08, 040 (2015) [arXiv:1504.04378 [hep-ph]].
7[46] S. Vagnozzi, K. Freese and T. H. Zurbuchen,
arXiv:1603.05960 [astro-ph.SR].
[47] A. Serenelli, P. Scott, F. L. Villante, A. C. Vincent,
M. Asplund, S. Basu, N. Grevesse and C. Pena-Garay,
arXiv:1604.05318 [astro-ph.SR].
[48] M. T. Frandsen and S. Sarkar, Phys. Rev. Lett. 105,
011301 (2010) [arXiv:1003.4505 [hep-ph]].
[49] D. T. Cumberbatch, J. A. Guzik, J. Silk, L. S. Wat-
son and S. M. West, Phys. Rev. D 82, 103503 (2010)
[arXiv:1005.5102 [astro-ph.SR]].
[50] M. Taoso, F. Iocco, G. Meynet, G. Bertone and P. Eggen-
berger, Phys. Rev. D 82, 083509 (2010) [arXiv:1005.5711
[astro-ph.CO]].
[51] I. Lopes, P. Panci and J. Silk, Astrophys. J. 795, 162
(2014) [arXiv:1402.0682 [astro-ph.SR]].
[52] M. Blennow and S. Clementz, JCAP 1508, no. 08, 036
(2015) [arXiv:1504.05813 [hep-ph]].
[53] G. Angloher et al. [CRESST-II Collaboration],
arXiv:1601.04447 [astro-ph.CO].
[54] A. Gould, Astrophys. J. 321, 560 (1987).
[55] G. Busoni, A. De Simone and W. C. Huang, JCAP 1307,
010 (2013) [arXiv:1305.1817 [hep-ph]].
[56] C. Kouvaris, Phys. Rev. D 92, no. 7, 075001 (2015)
[arXiv:1506.04316 [hep-ph]].
[57] R. Agnese et al. [SuperCDMS Collaboration], Phys. Rev.
Lett. 116 (2016) no.7, 071301 [arXiv:1509.02448 [astro-
ph.CO]].
[58] J. Hisano, J. Y. Lee, N. Nagata and Y. Shimizu, Phys.
Rev. D 85 (2012) 114044 [arXiv:1204.2653 [hep-ph]].
[59] J. M. Pendlebury et al., Phys. Rev. D 92, no. 9, 092003
(2015) [arXiv:1509.04411 [hep-ex]].
[60] J. Baron et al. [ACME Collaboration], Science 343, 269
(2014) [arXiv:1310.7534 [physics.atom-ph]].
[61] T. Lin, H. B. Yu and K. M. Zurek, Phys. Rev. D 85
(2012) 063503 [arXiv:1111.0293 [hep-ph]].
[62] M. L. Graesser, I. M. Shoemaker and L. Vecchi, JHEP
1110 (2011) 110 [arXiv:1103.2771 [hep-ph]].
[63] J. Alwall et al., JHEP 1407 (2014) 079 [arXiv:1405.0301
[hep-ph]].
[64] R. D. Ball et al., Nucl. Phys. B 867, 244 (2013)
[arXiv:1207.1303 [hep-ph]].
[65] The CMS Collaboration, CMS-PAS-EXO-14-005.
[66] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 91,
052007 (2015) [arXiv:1407.1376 [hep-ex]].
[67] V. Khachatryan et al. [CMS Collaboration],
arXiv:1506.03062 [hep-ex].
[68] The CMS Collaboration, CMS-PAS-HIG-14-006.
[69] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 92,
no. 3, 032004 (2015) [arXiv:1504.05511 [hep-ex]].
[70] V. Khachatryan et al. [CMS Collaboration], Eur. Phys.
J. C 75, 235 (2015) [arXiv:1408.3583 [hep-ex]].
[71] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J.
C 75, 299 (2015) [Eur. Phys. J. C 75, 408 (2015)]
[arXiv:1502.01518 [hep-ex]].
[72] S. Alekhin et al., arXiv:1504.04855 [hep-ph]; M. Anelli et
al. [SHiP Collaboration], arXiv:1504.04956 [physics.ins-
det].
[73] R. Barlow, Cogent Phys. 2, 1074146 (2015).
